The performance of nebulizers varies with the design type as well as the breathing patterns of various age groups. The present study quantified aerosol delivery using spontaneously breathing parameters of a small child (2-4 years) by a lung simulator to determine the influence of nebulizer type, actuation mechanisms, and pediatric aerosol masks. METHODS: Three types of nebulizer (constant-output, breath-enhanced, and breath-actuated nebulizer) and 3 masks (standard pediatric mask, the Fish mask, and a valved mask) were chosen for the testing. The actuation mechanism of the breath-actuated nebulizer was tested by manual synchronization with inspiration, breath actuation, and continuous nebulization. The nebulizer performance was determined by determining mass median aerodynamic diameter and analyzing drug deposition distal to the trachea (inhaled mass), on the face, on the mask, residual drug in the nebulizer, and the time of nebulization. The quantity of salbutamol deposited was determined by spectrophotometry (276 nm). RESULTS: Mass median aerodynamic diameter was similar across nebulizers. Breathactuated nebulization generated a lower inhaled dose and higher nebulization time than continuous nebulization (P ‫؍‬ .001). Breath synchronized aerosol generation, whether breath-actuated or manually actuated, yielded 10 -20 times lower inhaled mass than continuous nebulization (0.1-0.6% vs 5-11%, respectively). The AeroEclipse, operated continuously, delivered greater inhaled dose than the LC Plus (P ‫؍‬ .025). Higher inhaled dose was achieved with the Fish mask than standard or valved mask, with all nebulizers tested (P ‫؍‬ .001). CONCLUSIONS: In this model using ventilatory parameters associated with a 2-4-year-old child, breath-actuated nebulization was not as effective as continuous nebulization. Aerosol mask design can impact inhaled drug dose across the range of nebulizers tested.
Introduction
Gas-powered jet nebulizers are commonly used for delivering medications to pediatric patients, due to their low cost and minimal technique requirements. However, numerous factors may affect drug deposition, such as the type of nebulizer, the interface between nebulizer and patient, and the patient's breathing pattern. [1] [2] [3] [4] [5] [6] Face masks are commonly used accessories to nebulizers for delivering aerosolized medications to infants, toddlers, and preschool children. Applying aerosol treatments with a properly sized mask, firmly placed against the face, increases the inhaled drug amount, while drug deposition decreases when the distance of the mask from the face increases. 3, 7, 8 Changing the shape of the aerosol mask and angle of attachment to the nebulizer influences aerosol deposition. 3, 6 Yet the influence of different pediatric mask designs when used with different types of nebulizers has not been well studied.
Jet nebulizer designs fall into 3 categories: constantoutput, breath-enhanced, and breath-actuated. Of these, the breath-actuated nebulizer (BAN) has been described as providing superior efficiency in drug delivery, both in pediatrics and in adults. 6, [9] [10] [11] [12] [13] The BAN, when adequately actuated by the patient's inspiratory effort, generates aerosol only during inspiration, reducing the waste of the drug during expiration. The manufacturer suggests that the BAN can be used with patients generating an inspiratory flow Ն 15 L/min, and has designed a valved mask for use of the BAN with small children. When a patient fails to consistently breath-actuate the BAN, pressing a manual override button allows either continuous aerosol output or manually synchronized aerosol generation with the child's breathing pattern. The efficiency of aerosol delivery through a BAN with different masks and actuation mechanisms has not been compared with continuous nebulization from other types of jet nebulizers in small children. Therefore, the purpose of this in vitro study was to demonstrate the influence of continuous nebulization and different actuated mechanisms with a BAN across 3 designs of jet nebulizer when used with a variety of pediatric aerosol masks.
Methods
This research was in part funded by the Ministry of Education, Republic of China, and was performed at Chang Gung University.
Lung Model
A lung simulator (ASL 5000, IngMar Medical, Pittsburg, Pennsylvania) was set to represent a spontaneously breathing child between 2-4 years of age with a tidal volume of 150 mL, inspiratory time 0.8 second, peak inspiratory flow 20 L/min, and respiratory rate 25 breath/ min. 14, 15 The face and anatomical upper airway of a cardiopulmonary resuscitation mannequin, representing a 2-year-old child (GD/CPR 150, Ying Sheng Scientific Apparatus, Taipei, Taiwan), were modified to attach a bacteria filter (Galemed, I-Lan, Taiwan) for the collection of inhaled aerosol particles distal to the trachea. A second filter was placed between the inspiratory filter and the lung simulator, for protection of the simulator, as shown in Figure 1 .
Nebulizer and Face Mask
Examples of 3 types of nebulizers were chosen for testing: a constant-output nebulizer (Neb-Easy, Galemed, ILan, Taiwan), a breath-enhanced nebulizer (LC Plus, Pari Respiratory Equipment, Midlothian, Virginia), and a BAN (AeroEclipse, Trudell Medical, London, Ontario, Canada). Three pediatric aerosol masks were chosen: standard pediatric aerosol mask (Standard, Galemed, I-Lan, Taiwan), "Bubbles the Fish" aerosol mask (Fish, Pari Respiratory Equipment, Midlothian, Virginia), and a valved aerosol mask (Trudell Medical, London, Ontario, Canada).
Study Design
All 3 nebulizers were tested with both the standard and fish masks. However, since both masks are open to the atmosphere, the BAN was unable to be breath-actuated. Consequently, the AeroEclipse was manually actuated by depressing the manual button in synchrony with initiation of inspiration through to the end of inspiration, and with constant output by depressing the actuation button continuously throughout the breathing cycle. In addition, the BAN was breath-actuated when using the valved mask.
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Current knowledge
Gas-powered jet nebulizers are commonly used for aerosol delivery to pediatric patients, due to their low cost and minimal technique requirements. Numerous factors have been demonstrated to affect drug deposition, including the type of nebulizer, the interface, and breathing pattern.
What this paper contributes to our knowledge
In a pediatric model of the respiratory tract, a breathactuated or manually breath-synchronized nebulizer delivered only a small fraction of the inhaled tracheal dose achieved with continuous aerosol generation. These findings require validation in a clinical trial.
Salbutamol sulfate (5.0 mg/2.5 mL, GlaxoSmithKline, Victoria, Australia) was diluted with distilled water for a total fill volume of 4 mL. Each nebulizer was powered by 50 psig oxygen gas at 8 L/min. Each condition was repeated (n ϭ 5). Nebulizers were stopped when aerosol was not produced consistently (onset of sputter) for 5 seconds. The nebulization time was recorded for each run.
Aerosol Particle Size Distribution Measurement
Mass median aerodynamic diameter and geometric standard deviation were determined for each of the nebulizers in continuous output mode (n ϭ 3), using an Andersen cascade impactor (ACI, Thermo Fisher Scientific, Waltham, Massachusetts) at an air flow of 28.3 L/min. The cascade impactor was disassembled after each test, and the drug was eluted with distilled water from the induction port (15 mL) and each stage and final filter (10 mL). The mass median aerodynamic diameter and geometric standard deviation were calculated in accordance with the United States Pharmacopoeia method.
Aerosol Measurement
Nebulizers were weighed using an electronic semi-micro balance (Sartorius, Göttingen, Germany) when dry, after filling with salbutamol, and then following nebulization. The nebulizers and inspiratory filters were washed/ eluted with 5 mL of distilled water, while the aerosol masks and the mannequin face were washed with 10 mL of distilled water.
Samples were analyzed via spectrophotometry (Hitachi High-Technologies, Tokyo, Japan) at a wavelength of 276 nm. The spectrophotometer was set to zero by running solvent alone prior to each analysis. A simple linear regression and prediction were developed from doubling dilutions of a known salbutamol sulfate solution (r 2 ϭ 0.99). The concentration of the sample solution and the amount of salbutamol were calculated from the concentration/ absorbency relationship.
Statistical Analysis
Data were calculated by commercial statistical software (SPSS 17.0, SPSS, Chicago, Illinois). The normality of data distribution was analyzed, with the KolmogorovSmirnov test. The mean Ϯ SD was calculated for each component of the drug mass eluted from the inspiration filter, the manikin face, the masks, and the nebulizer residual drug, as well as estimated ambient loss and nebulization time. The analysis of variance test was used and P Ͻ .05 was used for statistical significance. A Pearson correlation was performed to analyze the relationship of the drug mass on the face/mask and nebulizer. Table 1 shows the percent of total dose (mean ϮSD) inhaled, retained in the nebulizer (dead volume), retained on the mask, and deposited on the face of the model, as well as the nebulization time of the 3 types of nebulizers with 2 masks. The fish mask produced significantly higher face deposition (P ϭ .001), and mask deposition (P Ͻ .001) with all nebulizers tested. Manually breath-actuated nebulization resulted in the lowest inhaled dose and higher nebulization time (P ϭ .001). With constant output the BAN delivered a greater inhaled dose than LC Plus (P ϭ .025). Table 2 shows percent of dose deposited (mean Ϯ SD) for the BAN tested with 3 masks. Compared to breathactuated nebulization, constant nebulization delivered 10 -20-fold more drug to the inspiratory filter (P Ͻ .001). The retained drug in the nebulizer (dead volume) with constant nebulization was significantly less (P Ͻ .001). In comparison of masks under the breath-actuated nebulization model, aerosol delivery via a valved mask deposited a significantly higher dose on the mask. Figure 2 illustrates the inhaled dose from the BAN with manual and breath actuation and continuous nebulization using the standard, fish, and valved masks. In all cases, constant-output deposition was greater than manual and breath-actuation (P Ͻ .001), and constant-output deposition was greater with the fish than the standard or valved mask, without significance (P ϭ .12).
Results
The mean Ϯ SD of nebulization time was greater with the BAN, at 39 Ϯ 5 min with breath-actuated nebulization, than 11 Ϯ 3 min with constant nebulization (P Ͻ .001). Pearson correlation showed that drug deposited on the face and mask or on the inspiratory filter was in a negative relationship with the residual dose of the nebulizer, Ϫ0.2 and 0.96, respectively. The correlation of drug deposition between face, mask, and inspiration filter was 0.75. In other words, the more drug emitted by the nebulizer, the more drug deposited on the face, mask, and filter.
The mass median aerodynamic diameters Ϯ geometric standard deviations were similar: Neb-Easy 2.47 Ϯ 2.23 m, 
Discussion
To our knowledge, this is the first study to demonstrate that the use of breath-synchronized nebulization, whether manual or breath-actuated, provides substantially less aerosol delivered to the level of the trachea than continuous nebulization in a simulated 2-4-year-old, regardless of the type of mask used. In addition, the conventional constantoutput jet nebulizer delivered similar to greater inhaled dose than the breath-enhanced nebulizer. The reported level of in vitro deposition with continuous nebulization in this study was similar to the in vivo lung doses, ranging from 4.8 to 8.2%, reported by Erzinger et al in 18 -36 month old children breathing radio-tagged aerosol with properly fitting masks and relaxed tidal breathing. 7 These findings are in contrast to results reported using adult and larger pediatric breathing parameters, in which breath actuation has consistently been associated with similar or greater inhaled dose than breath-enhanced or conventional jet nebulizers. Breath-actuated aerosol delivery to small infants and toddlers has long been suspect, due to the combination of small tidal volumes, variable inspiratory flow patterns, short inspiratory times, and greater proportional anatomical dead space than adults.
When an infant or small child is unable to breath-actuate the BAN, clinicians may either manually actuate the nebulizer in synchrony with the child's inspiration or hold down the manual actuation to nebulize continuously. While it seems intuitive to expect that manual breath actuation would be more efficient than marginal breath actuating or continuous nebulization, these results clearly demonstrate the superiority of continuous nebulization in this population, by 10 -20-fold.
While guidance by the BAN manufacturer suggests manual actuation of the nebulizer when a child cannot reliably breath-actuate the nebulizer, the instructions fall silent on how to determine whether the "appropriate" breath actuation is adequate to deliver an effective dose. It should be noted that in this study the model was able to consistently breath-actuate the BAN, and it was difficult to determine by casual observation specific variables that might impact the dose delivered. With a sinusoidal breathing pattern, in our study, the 20 L/min peak inspiratory flow exceeded the 15 L/min actuation threshold for the BAN; however, the requisite flow above threshold may occur late in the inspiratory cycle. This is further complicated by delays of aerosol generation from the time of actuation to full output of the aerosol generator, which may be as much as 60 ms with jet nebulizers.
Unlike previous models that collected inhaled dose at the face, this model collected aerosol distal to the anatomic structures of the naso/oro-and hypopharynx residing between the face and the trachea. Aerosol entering the airway must pass through the anatomic structures of the upper airway en route to the collecting filter distal to the trachea, resulting in impactive losses of aerosol at points of non-laminar or transitional flow, reducing dose available to the lung. In addition, the internal volumes of these anatomic structures approximate a substantial component of the anatomical dead space, so that aerosol that enters the airway during the last one third of inspiration is less likely to reach the filter at the trachea prior to end inspiration, and is subsequently exhaled. Both factors may contribute to the decreased deposition with manual actuation as well as breath actuation.
Using adult parameters, Rau et al reported inhaled doses of 14% with continuous output nebulizer, 13% with LC Plus, and 34% with the AeroEclipse. 5 In contrast, our results with small child parameters were Ͻ 1% of drug dose deposited beyond the upper airway with breath-actuated nebulization, while deposition with continuous nebulization with both the simple jet and the LC Plus nebulizer, delivery ranged from 5.7% to 10.8%.
Sangwan et al using scintigraphy to quantify inhaled and lung deposition in 3 adults, and reported that the MistyNeb continuous jet nebulizer had an inhaled dose of 19.4% and deposited 7.9% in the lung, while the BAN delivered 20.8% and 14.16%, respectively. 6 It should be noted that the BAN was operated with only 2 mL fill volume, versus 4 mL with the MistyNeb, yielding a lower ratio of the inhaled dose reported by Rau. As expected, the lung dose was substantially lower than the inhaled dose measured at the face, with the difference largely attributed to losses in the upper airway.
Barry and O'Challaghan compared breath-enhanced nebulizers, the LC Plus and the LC Star, in combination with different compressors. The amount of salbutamol collected on the filter delivered by the LC Plus was 19.8% with pediatric parameters. 12 However, we found approximately 5.7% in our study. This may be in part due to the point of aerosol sampling; while earlier studies measured inhaled mass at entry point of the model airway, we collected aerosol distal to the trachea of an anatomically correct model. As the upper airway is known to filter out inhaled aerosols, a lower level of tracheal deposition might be expected. Therefore, the inhaled drug dose was much less than other studies have reported. 5, 9, 10 Manual actuation from beginning of inspiration to end of inspiration was based on simulator waveform. A short delay at beginning of the inspiration, due to hand-eye coordination, might have contributed to the difference and caused the insufficiency of the nebulizer. The lung stimulator was set with inspiratory time of 0.8 second; however, with a short delay of actuation, the aerosols might be generated with only as little as 0.6 seconds to reach the inspiratory filter before a breath was ended. A similar phenomenon occurred when the nebulizer was actuated with the valved mask. With a sinusoidal inspiratory flow waveform, the flow reached the highest point (20 L/min) in the middle of a breath. Consequently the inspiratory flow reached 15 L/min of critical flow rate for the valved mask at 0.2-0.3 second, so that aerosol generations began after the first one third of the breath had been delivered, with the last 0.1-0.2 seconds of aerosol generation filling anatomical dead space and being cleared with exhalation, reducing opportunities for deposition distal to the trachea. This may have been associated with the low inhaled dose (Ͻ 1%) with both manual actuation and breath actuation under toddler parameters.
Bosco and colleagues compared the inhaled dose of the AeroEclipse and a breath-enhanced nebulizer (LC Star) by simulating tidal breathing patterns and parameters from 10 adult subjects, and compared deposition of drug at a filter placed between the nebulizer and the patient. They found similar drug amounts deposited on the filters with the AeroEclipse and LC Star (29.6% and 26.7%, respectively, in vitro, and 29.9% and 28.9%, respectively, in vivo). 10 The findings suggest a small but significant underestimation of inhaled dose in vitro with the breathenhanced nebulizer.
The nebulization time with the AeroEclipse during breath actuation was 2-3-fold longer than with the constant-output and breath-enhanced nebulizers. With breath actuation the AeroEclipse generates aerosol when flow of Ն 15 L/ min is reached or exceeded, which would increase treatment time.
Rau et al reported that, with adult breath parameters, ambient loss of aerosol was less with the AeroEclipse (6.6%), compared to the continuous output nebulizer (17-27%) and LC Plus (18.3%). 5 However, we found AeroEclipse with breath-actuated nebulization produced 39% ambient loss with the aerosol masks, and 28% with the valved mask. The valved mask resulted in 4-fold higher face deposition than the standard or fish mask during breathactuated nebulization. The valved mask appears to contain aerosol between inspiration and expiration, which increased aerosol deposition both on the face and the mask.
A breath-enhanced nebulizer contains 2 one-way valves to minimize aerosol waste during the expiration phase. A patient entrains air through the nebulization chamber with the Pari LC inspiratory vent. Studies with adults and larger children have shown increased inhaled mass, by as much as 50%, over the continuous output nebulizers, and reduced aerosol waste to atmosphere. 5, 9, 11 Yet our results illustrate that the breath-enhanced nebulizer neither improved inhaled dose nor reduced the ambient loss with toddler breathing patterns. Possibly the inspiratory flow and time may not be sufficient to activate the one-way valves. Interestingly, the fish mask designed for use with the LC Plus provided the lowest facial deposition. A study suggested that the curved angle of the fish mask might be the element to reduce face deposition. 3 By contrast, drug deposited on the inspiratory filter with the fish mask was greater than with the standard mask with both the NebEasy and AeroEclipse during continual nebulization, but not with the LC Plus. Although breath actuation and manual breath synchronized actuation with the AeroEclipse produced the lowest inhaled dose (Ͻ 0.7%), continuous nebulization delivered a higher inhaled dose (8.3% vs 11.3%) than the Neb-Easy (5.2% vs 9.2%) or LC Plus (5.6% vs 5.8%) with the standard and fish mask, respectively.
Limitations
There are several limitations to this study. First, the parameters set on the breath simulator were designed to characterize a 2-4-year-old child; therefore, the results may not apply to other age ranges of children during aerosol therapy. In perusing the literature, it was difficult to find "normal" breathing patterns differentiated between toddlers and preschool children. We combined complementary characteristics previously described in the aerosol literature, in an attempt to bracket representative breathing parameters of the 2-4-year-old child. 14, 15 Second, the consistent breathing patterns produced by the simulator was not intended to represent the highly erratic breathing patterns found with this patient population when awake or under stress. 13 In fact, we have used a breathing pattern that might be found during sleep, in which flows and frequency have been shown to be much more consistent. 13 The model used does not account for changes in breathing patterns or failure to tolerate a closely fitting mask, and may well overestimate aerosol drug delivery in vivo. This study was based on one set of breathing patterns, and does not provide specific guidance on the wide range of breathing parameters that may be encountered in clinical situations. Consequently, further in vitro study may be warranted to determine the parameter limits at which breath actuation will reliably result in improved inhaled doses in infants and young children, compared to continuous nebulization.
Clinical Implications
While many aerosol devices are primarily designed for use with adults and larger children, there is little guidance for their use with infants and toddlers. Our findings suggest that simply being able to breath-actuate the BAN with a simulated small child does not assure effective aerosol delivery. Similarly, manually actuating the BAN in synchrony with inspiration did not improve the inhaled dose. The choice to provide breath actuation or continuous nebulization can make a 20-fold difference in the dose reaching the lungs. As casual observation by the operator of "breath actuation" yielded such low deposition fractions for the breathing pattern tested, these findings suggest that clinical criteria for using continuous versus breath-actuated nebulization require further evaluation.
Further studies will be required to provide clinicians guidance as to when breath actuation may be more effective than continuous nebulization in infants and small children.
Conclusions
In summary, with this model simulating a 2-4-year-old child's breathing pattern, the AeroEclipse, when used as a breath-actuated or manually actuated breath-synchronized nebulizer, delivered only a small fraction of the inhaled tracheal dose achieved with continuous aerosol generation by all of the nebulizers tested. The combination of low inhaled dose and long treatment times suggest that breathactuated nebulization is not as effective as continuous aerosol generation in these younger children who appear to be able to consistently breath-actuate the nebulizer. Aerosol mask design can impact inhaled drug dose across the range of nebulizers tested. Further in vitro trials should be done to explore the range of breathing patterns in which breath actuation is less effective than continuous aerosol generation.
